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We determined the lattice dynamics of metastable, surface-stabilized α-phase FeSi2 nanoislands
epitaxially grown on the Si(111) surface with average heights and widths ranging from 1.5 to 20 nm
and 18 to 72 nm, respectively. The crystallographic orientation, surface morphology and local crystal
structure of the nanoislands were investigated by reflection high-energy electron diffraction, ato-
mic force microscopy and X-ray absorption spectroscopy. The Fe-partial phonon density of states
(PDOS), obtained by nuclear inelastic scattering, exhibits a pronounced damping and broadening
of the spectral features with decreasing average island height. First-principles calculations of the
polarization-projected Si- and Fe-partial phonon dispersions and PDOS enable the disentanglement
of the contribution of the xy- and z -polarized phonons to the experimental PDOS. Modeling of
the experimental data with the theoretical results unveils an enhanced damping of the z -polarized
phonons for islands with average sizes below 10 nm. This phenomenon is attributed to the fact that
the low-energy z -polarized phonons couple to the low-energy surface/interface vibrational modes.
The thermodynamic and elastic properties obtained from the experimental data show a pronounced
size-dependent behavior.
Nanostructures of transition metal silicides have a wi-
de range of applications and constitute fundamental buil-
ding blocks of current micro- and nanoelectronics [1–3].
Among these compounds, FeSi2 is particularly interes-
ting since it is the only representative that forms metallic
and semiconducting phases [4]. The thermodynamic pha-
se diagram of bulk FeSi2 shows a transition of the room-
temperature stable semiconducting β-phase to the high-
temperature metallic α-phase at 950 ◦C [5]. A large num-
ber of studies investigated the formation of iron silicide
thin films on silicon substrates and revealed two metasta-
ble metallic phases (s- and γ-FeSi2) with cubic structure
and lattice parameters close to the value of silicon (e.g.
[6–9]). Up to a critical thickness, the formation of the
lattice-matched metastable phases is energetically favor-
able over the formation of strained β-FeSi2. In a similar
manner, the tetragonal high-temperature phase α-FeSi2
can be stabilized at room temperature in epitaxial nano-
structures by deposition of a few Fe monolayers on the
Si surface [10–16]. Several experimental and theoretical
studies investigated the magnetic [17–19] and electronic
[14, 20–22] properties of α-FeSi2 nanostructures. The dis-
covery of superparamagnetic behavior in nanoislands and
nanostripes [23, 24], the indication of a ferromagnetic-
semiconductor-like behavior below 50K [25] and the fa-
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brication of α-FeSi2 nanobars [26] and nanowires [27] sug-
gested applications of this material in nanoelectronics.
The collective vibrations of atoms in a crystal are cha-
racterized by the phonon dispersions and phonon densi-
ty of states (PDOS) and play an important role for the
properties of materials. For instance, via the vibrational
entropy they govern phase transitions, in semiconductors
and insulators they are decisive for the heat transport,
and through interactions with electrons and magnons
they can affect other application-relevant properties. It
is well known that reduction of the size of crystals to
the nanometer length scale induces pronounced changes
in the vibrational and thermodynamic properties due to
broken translational symmetry at surfaces and interfaces
[28–40], epitaxial strain [41], coupling to the surrounding
[42–44], or magnetic ordering [45]. Furthermore, at di-
mensions comparable to the phonon wavelengths quanti-
zation phenomena are predicted [46, 47].
Commonly observed effects in the PDOS are an en-
hancement of the number of phonon states in the low-
and high-energy part and a broadening of the spectral
features, compared to the bulk counterparts. This also
applies for nanoislands, which exhibit several additional
effects upon nanoscaling. For example, in Fe nanoclus-
ters a deviation from the Debye law was observed in the
low-energy part of the PDOS, which is attributed to vi-
brations of low-coordinated surface and interface atoms
[28]. A high sensitivity of the vibrational properties to the
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2core/shell structure was reported in nanoparticles consis-
ting of an FePt core and a PtSi shell [29]. In Pt nano-
particles a reduction of the bond length leads to stiffe-
ning of the crystal and an increase of the Debye tempe-
rature [30]. A study on EuSi2 nanoislands revealed the
existence of high-energy vibrational modes, which emer-
ge at the interfaces of adjacent islands [36]. It was shown
that the lattice softening commonly observed in nano-
structures alters the interaction of phonons with elec-
trons, magnons and other phonons [35, 48, 49]. On the
one hand this can lead to a deterioration of functionality
of nanoelectronic devices, while on the other hand this
can be beneficial for applications in superconductivity or
thermoelectrics. Moreover, the controlled modification of
the lattice dynamics by nanoscaling can pave the way
towards the design of nanostructures with tailored vibra-
tional properties, which is the main objective of phonon
engineering [50, 51]. Therefore, a comprehensive under-
standing of the lattice dynamics in nanostructures is of
fundamental importance.
The experimental determination of the lattice dyna-
mics of nanostructures, however, remains a challenge in
modern solid state physics. Nuclear inelastic scattering
(NIS) [52] has proven to be a unique method to overcome
several problems connected to such measurements. It gi-
ves access to the element- and isotope-specific PDOS [53]
and provides the high sensitivity required for the measu-
rement of very small amounts of material present in nano-
structures [41]. The high penetration depth of the X-rays
enables the measurement of thin buried layers, which is
not feasible with other methods. Moreover, it was shown
experimentally [54] and described theoretically [55] that
NIS also enables the measurement of the polarization-
dependent PDOS in anisotropic single-crystals. Employ-
ing NIS and ab initio calculations the lattice dynamics of
bulk β-FeSi2 was studied comprehensively [56–58]. For α-
FeSi2, however, only particular thermodynamic proper-
ties were predicted theoretically [57, 59].
Here we present a combined experimental and theore-
tical study of the lattice dynamics of surface-stabilized
α-phase FeSi2 nanoislands. Due to the specific orientati-
on of the α-FeSi2 unit cell on the Si(111) surface, the NIS
experiment provides access to lattice vibrations with pro-
jections along the main crystallographic directions. The
Fe-partial PDOS exhibits a strong dependence on the size
of the nanoislands. A comparison of the experimental da-
ta with the ab initio results reveals a stronger damping of
the z -polarized phonons compared to xy-polarized phon-
ons for an average island height below 10 nm.
The paper is organized as follows: in Sec. I the growth
procedure and experimental methods are described, in
Sec. II the ab initio calculation and modeling details are
given. Section III A presents the results of the structural
investigation, in subsection B the results of the ab initio
calculations and the NIS experiment are discussed and in
subsection C the results of the thermodynamic properties
are given. The conclusions are included in Sec. IV.
I. EXPERIMENTAL DETAILS
Epitaxial α-phase FeSi2 nanoislands were grown on
Si(111) substrates under ultra high vacuum (UHV) con-
ditions (P<1×10−8 Pa) in the UHV-Analysis lab at KIT.
First, the substrate was degassed in UHV at 650 ◦C for
4 h. Subsequently, the native SiO2 layer was removed by
heating the substrate two times to 1250 ◦C for 30 seconds.
An atomic beam of high purity iron, enriched to 96%
in the Mössbauer-active isotope 57Fe, was supplied from
an electron beam evaporator. The coverage was control-
led by a quartz oscillator with an accuracy of 10%. The
samples were grown by depositing a certain amount of
iron θFe onto the Si(111) substrate heated to the growth
temperature TG, a process known as reactive deposition
epitaxy (RDE), which is commonly used for the grow-
th of iron silicide nanostructures (e.g. [10, 15, 60–63]).
Six samples, hereinafter referred to as S1-S6, were prepa-
red, characterized and investigated. Details of the growth
and experimental conditions are summarized in Table I.
Directly after the growth process S1 was annealed at
TA=770 ◦C for tA=2h to examine possible effects of an-
nealing on the crystal structure and the lattice dynamics.
The temperature values are measured with an accuracy
of ± 10 ◦C. All measurements described in the following
were conducted at room temperature. The crystal struc-
ture was investigated with reflection high-energy elec-
tron diffraction (RHEED). Afterwards the samples were
transferred under UHV condition to anOmicron Large
Sample scanning probe microscope operated in a non-
contact atomic force microscopy mode to determine the
surface topography. S1, S3, S5 and S6 were subsequent-
ly capped with 4 nm of amorphous Si sputtered at room
temperature in a chamber [64] with a base pressure of
P<1×10−6 Pa also connected to the UHV-Cluster. The
flux of the sputter gas Ar was 0.8 sccm, corresponding to
a pressure of 0.36 Pa.
The Fe-partial PDOS was obtained [65] from nuclear
inelastic scattering experiments performed at the Dyna-
mics Beamline P01 [66] at PETRA III and the Nuclear
Resonance Beamline ID18 [67] at the ESRF. Samples S2
and S4 were transferred to the beamlines and measu-
red in situ, i.e. under UHV condition (P<5×10−7 Pa) in
Sample θFe [Å] TG [ ◦C] TA [ ◦C] tA [h] NIS exp.
S1 2.2(2) 700(10) 770(10) 2 Si cap
S2 2.2(2) 700(10) - - in situ
S3 0.6(1) 700(10) - - Si cap
S4 2.2(2) 500(10) - - in situ
S5 0.6(1) 650(10) - - Si cap
S6 0.6(1) 500(10) - - Si cap
Tab. I. Overview of the investigated samples. θFe stands for
the deposited amount of 57Fe, TG for the growth temperature,
TA for the annealing temperature and tA for the annealing
time. The last column denotes if the sample was capped with
Si or measured in situ during the NIS experiment.
3a dedicated UHV chamber [68]. At both beamlines the
measurements were performed at grazing-incidence geo-
metry with an incidence angle< 0.2◦ and an X-ray beam
with dimensions of 1.5mm× 0.01 mm (h× v, FWHM).
The energy resolution for the photons with an energy of
14.4 keV was 0.7 meV at ID18 (S1, S2) and 1.1 meV at
P01 (S3-S6). After the in situ experiment samples S2 and
S4 were transferred back under UHV conditions and also
covered with a 4 nm thick Si layer.
Additionally, the local crystal structure of the FeSi2
samples was characterized by Fe K-edge X-ray absorption
spectroscopy at the SUL-X beamline of the synchrotron
radiation source KARA at KIT. After calibration with an
α-Fe metal foil to 7112 eV (FeK-edge), fluorescence emis-
sion of the samples was recorded up to k = 14Å−1. The
EXAFS spectra were obtained with a beam-to-sample-
to-detector geometry of 45◦/45◦ using a collimated X-ray
beam of about 0.8mm× 0.8mm, or focused X-ray beam
with 0.35mm× 0.15mm (h× v, FWHM) at the sample
position.
II. THEORETICAL DETAILS
In order to attain a comprehensive understanding of
the lattice dynamics of α-FeSi2, first-principles calculati-
ons were performed within the density functional theo-
ry (DFT) implemented in the VASP code [69, 70], em-
ploying the generalized gradient approximation [71, 72].
The interaction between ions and electrons was descri-
bed using the projector augmented-wave method [73, 74],
with plane waves basis expanded up to a cutoff energy of
400 eV. The configurations Si(s 2p 2), and Fe(d 7s 1) we-
re treated as valence electrons. The α-FeSi2 phase was
modeled by imposing the symmetry restrictions of the
tetragonal P4/mmm space group on the crystal struc-
ture. The primitive cell contains one formula unit, i.e.
3 atoms, with two nonequivalent positions: Fe placed in
(0,0,0) and Si in (0.5,0.5,z ). Calculations were carried out
in a 4× 4× 2 supercell containing 64 Si and 32 Fe atoms
using the 2× 2× 2 MonkhorstâĂŞPack grid of k-points.
The convergence criteria for the total energy and inter-
nal forces of 10−8 eV and 10−6 eV Å−1, respectively, were
applied. After the geometry relaxation we obtained the
lattice parameters a = 2.702Å and c = 5.140Å, and
the internal atomic position z = 0.2725. The calculated
lattice constants are in very good agreement with the pu-
blished experimental (a = 2.68Å and c = 5.13Å) [75]
and theoretical data (a = 2.70Å and c = 5.13Å) [22].
All calculations were performed assuming ferromagnetic
order of the Fe atoms, however, the obtained magnetic
moments are negligibly small (∼ 0.01µB). The phonon
dispersion relations and PDOS were calculated at 0K
using the direct method [76] incorporated into the PHO-
NON program [77]. This method utilizes the DFT calcu-
lated Hellmann-Feynman forces generated by displacing
the nonequivalent atoms from their equilibrium positions.
The EXAFS spectra were processed and modeled using
the ATHENA and ARTEMIS programs included in the
IFEFFIT package [78]. The spectra were weighted by
k=1, 2, and 3Å−1 within the k ranges given in Table II.
Hanning windows and dk=2 were used. A shell-by-shell
approach was applied to model the data in real space
within a range of 1.0 - 2.7Å. Multiple scattering paths
do not contribute in the modeled R region. The cry-
stal structure of α-FeSi2 was used to calculate the single
scattering paths. The amplitude reduction factor was set
to 0.7 and was fixed during the fitting process. It was
obtained by modeling the EXAFS spectrum of an α-Fe
foil measured at the same experimental conditions. The
Debye-Waller parameters for Si were free, whereas the va-
lues for Fe obtained from the NIS experiment were fixed
during the fit.
III. RESULTS AND DISCUSSIONS
A. Structural investigation
The epitaxial growth of α-FeSi2 on the Si(111) surface
has previously been investigated by grazing-incidence
X-ray diffraction [11], electron microscopy [12, 13, 15]
and combined RHEED and grazing-incidence X-ray dif-
fraction [10]. It has been found that the tetragonal α-
FeSi2 unit cell is oriented with its (112) plane parallel to
the Si(111) plane (α-FeSi2(112)||Si(111)). The α-FeSi2
unit cell can be accommodated on the Si(111) surface
in three different domain orientations rotated by 120◦:
(i) α-FeSi2[1¯10]||Si[11¯0] and α-FeSi2[1¯1¯1]||Si[1¯1¯2], (ii) α-
FeSi2[2¯01]||Si[11¯0] and α-FeSi2[24¯1]||Si[1¯1¯2], as well as
(iii) α-FeSi2[02¯1]||Si[11¯0] and α-FeSi2[42¯1]||Si[1¯1¯2] [15].
This gives rise to a pseudohexagonal surface symme-
Si[111]
Si[111]
Si[11¯0]
Si[1¯1¯2]
[100]
[010]
[001]
(112)
Si(111)
Fig. 1. Orientation (i) (see text) of the α-FeSi2 unit cell on
the Si(111) surface. Directions and planes related to Si (α-
FeSi2) are given in black (red). Fe atoms are depicted in blue,
Si atoms in green.
4Fig. 2. RHEED patterns of the Si substrate (a,h) and the
investigated samples (b-g, i-n) obtained with E=28 keV along
Si〈112¯〉 (a-g) and Si〈1¯10〉 (h-n). In (c) and (l) the indexes of
the reflections are given following [12].
try [10, 11]. In Fig. 1 the epitaxial relation described
by (i) is depicted. The lattice mismatch (defined as
(aSi − aFeSi2)/aSi) amounts to 0.79% along Si[11¯0] and
3.92% along Si[1¯1¯2]. For simplicity, in the following the
directions of the RHEED and NIS measurements, as well
as the surface directions of the AFM images are given
along the two main Si(111) surface directions, namely
Si〈1¯10〉 and Si〈112¯〉.
Our RHEED studies confirmed these epitaxial configu-
rations in all samples. Diffraction patterns were recorded
along Si〈112¯〉 [Fig. 2 (a-g)] and Si〈1¯10〉 [Fig. 2 (h-n)]. For
all substrates a clean 7×7 reconstructed Si(111) surface
was confirmed before growth [Fig. 2 (a,h)]. The diffraction
pattern along the Si〈112¯〉 azimuth [Fig. 2 (b-g)] consists
of the central (222) reflection between the second order
(042)/(402) and (2¯20)/(22¯0) reflections, accompanied by
the intermediate (021) and (201) reflexes [Fig. 2 (c)] [12].
For S3, S5 and S6, the main spot of the Si(111) surface is
still visible due to the lower θFe. The RHEED patterns of
S1-S4 are dominated by separated diffraction spots sug-
gesting the transmission of the beam through 3D nanois-
lands. On the other hand, the patterns of S5 and espe-
cially S6 show a stronger contribution of streaks, which
originate from diffraction on crystal truncation rods. This
indicates the formation of 2D nanoislands with a small
extension perpendicular to the Si(111) surface compa-
red to their lateral extension, which is confirmed by the
AFM measurements (see below). This 3D - 2D transition
can also be observed in the RHEED patterns obtained
along Si〈1¯10〉 [Fig. 2 (i-n)]. Along this direction, the dif-
fraction pattern shows two rows of spots consisting of the
(001), (002), (003), (004), and (220), (222) reflections [12]
[Fig. 2 (l)], which originate from lattice planes inclined by
approximately 35 ◦ towards the surface. When the sam-
ple is rotated around the surface normal the inclination
angle is repeated every 120 ◦. Therefore, it can be conclu-
ded that all three possible accommodations of the α-FeSi2
unit cell on the Si(111) surface are present in our samp-
les. Except for S4, the diffraction patterns show a con-
tribution of the 7×7 reconstructed Si(111) surface. The
observed pattern was previously reported for FeSi2 thin
films grown on Si(111) by RDE at TG=500 ◦C [10, 61].
In [10] a grazing-incidence X-ray diffraction study con-
firms that the investigated structure is surface-stabilized
tetragonal α-FeSi2 forming the epitaxial relationship to
the Si(111) substrate discussed above. Furthermore, the
observed electron diffraction spots are in agreement with
the reciprocal space nodes theoretically predicted for te-
tragonal α-FeSi2 on Si(111) and are in contradiction to
the patterns expected for the cubic surface-stabilized s-
and γ-phases [12].
The surface morphology of the samples was investiga-
ted by AFM. The results are depicted in Fig. 3, in Fig. 4
the normalized size distribution of the nanoislands ob-
tained from the AFM measurements is shown. Fig. 3 (a)
shows the formation of triangular islands for S1 with
an average height of h=20nm and average width of
w=66nm (measured along the symmetry axis of the tri-
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Fig. 3. AFM images of samples (a) S1 (height scale 0 - 36 nm),
(b) S2 (height scale 0 - 34 nm), (c) S3 (height scale 0 - 24 nm),
(d) S4 (height scale 0 - 12 nm), (e) S5 (height scale 0 - 11 nm),
and (f) S6 (height scale 0 - 9 nm). The crystallographic direc-
tions of the Si(111) surface are indicated. In the insets of (a)
and (c) generic islands are depicted.
angle). In case of S2, grown at the same TG without post-
growth annealing, islands with a slightly decreased ave-
rage height of h=18nm and a slightly increased average
width of w=72nm are formed [Fig. 3 (b), Fig. 4 (b, h)].
A closer look at the AFM image of S2 shows a broade-
ning of the islands along Si〈112¯〉, which is the direction
of the AFM-tip movement. This indicates a tip effect, i.e.
a distortion and blurring of the image due to an incre-
ased width of the tip used for the measurement of S2.
This could also be the reason for the spherical shape of
the islands, since from the results for S1 and S3 a tri-
angular shape is expected. A significant reduction of θFe
in S3 compared to S1 and S2 results in a reduction of
the average height (h1=15nm) and width (w1=49nm)
[Fig. 3 (c), Fig. 4 (c, i)]. Similarly to S1, the symmetry axis
of the triangular islands is oriented along Si〈112¯〉, whe-
reas the edges are pointing along Si〈1¯10〉. A similar ori-
entation of triangular islands on Si(111) has previously
been observed for FeSi2 [61] and CoSi2 [79]. In addition,
0.0
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Fig. 4. Normalized distribution of height (a-f) and width (g-l)
of the nanoislands of the indicated samples deduced from the
AFM study with the respective average values given in nm.
For S3 and S6 additionally the height of the flat structures
(h¯2) and the film (h¯f ), respectively, are given in red. The
number of islands measured to obtain the distribution for each
sample ranges between 30 and 55.
laterally extended (w2=163 nm) flat (h2=1.7 nm) struc-
tures are observed. When TG is reduced to 500 ◦C [S4,
Fig. 3 (d) and Fig. 4 (d, j)] the height distribution is signi-
ficantly narrowed with an average value of h=4.4 nm,
while the width is only slightly reduced to w=44nm.
Despite the higher TG compared to S4, the lower θFe in
case of S5 further narrows the height and the width distri-
bution and the average values are reduced to h=2.1 nm
and w=27nm. A combination of low TG and low θFe
[S6, Fig. 3 (f) and Fig. 4 (f, l)] leads to the formation of
an intermittent FeSi2 film along with islands grown in
the Si surface areas not covered by the film. The average
height of the islands is 0.8 nm, the average height of the
film is 2.1 nm and the average island width is 18 nm.
In general two growth modes are observed: The samp-
les grown at TG = 700 ◦C (S1 - S3) exhibit w/h-ratios
between 3 and 4, whereas the samples grown at lower
temperatures (S4 - S6) form two-dimensional nanoislands
with w/h-ratios between 10 and 13. While the post-
growth annealing conducted in case of S1 does not change
the morphology significantly compared to S2, a reduction
of θFe from 2.2Å (S2) to 0.6Å (S3) at TG = 700 ◦C leads
to the formation of the very flat structures with large la-
teral extensions, which are only observed at this specific
growth conditions. Furthermore, a reduction of TG by
6k 
3
(k
) (
Å
3 )
Wavenumber ( Å 1)
Fig. 5. FeK-edge EXAFS spectra (black) of (a) S1 and (b) S6
and the respective best fit results (red) obtained by modeling
with α-FeSi2.
50 ◦C in case of S3 and S5, both grown with θFe=0.6Å,
leads to pronounced changes in the surface morphology
and a significantly increased w/h ratio. For θFe=2.2Å
the 3D - 2D transition is observed in the temperature ran-
ge from 700 ◦C to 500 ◦C. These observations indicate
that while θFe clearly influences the morphology, TG is
the more important parameter determining the shape of
the nanoislands.
To validate the information about the crystallographic
structure obtained by the RHEED study, the local cry-
stal structure of samples S1-S4 and S6 was investigated
by EXAFS measurements. In Figure 5 the representative
experimental spectra of S1 and S6 in k space and the re-
sults best fit results are depicted. The results of the fits
are compared with the expected values for the known
FeSi2 phases in Table II. Besides α-FeSi2 and β-FeSi2 al-
so the cubic surface-stabilized metallic phases s-FeSi2 [6]
and γ-FeSi2 [7] were considered. While the interatomic di-
stances obtained from the data analysis are in agreement
with the values for the s-phase and α-phase, the coordi-
nation numbers clearly deviate from the value expected
for the s-phase (6 Fe-Fe) and suggest the formation of
α-FeSi2 (4 Fe-Fe). S6 exhibits a slightly reduced Fe-Fe
distance, as well as the lowest Fe-Fe and the highest Fe-Si
coordination number. FeSi2 nanostructures typically ex-
hibit surfaces with a Si content above the stoichiometric
value [80]. Therefore, the variations in the coordination
numbers can be explained by the very low height of the
nanostructures in S6, which leads to the largest relative
amount of atoms located at the FeSi2/Si interface. The
absorption edges of all Fe K-edge X-ray absorption near
edges structure (XANES) spectra, defined as the first in-
flection point of the rising absorption, are at the energy
position for metallic Fe, confirming the metallic nature of
k-range
(Å−1)
scattering
path σ2 (Å2)
coord.
number d (Å)
S1 3.8 – 12.6
Fe-Si 0.004(1) 6.8(7) 2.36(1)
Fe-Fe 0.0011 3.7(6) 2.69(1)
S2 3.8 – 15.5
Fe-Si 0.0047(3) 8.2(2) 2.36(1)
Fe-Fe 0.0012 3.9(2) 2.69(1)
S3 3.8 – 12.6
Fe-Si 0.007(2) 6.7(7) 2.36(2)
Fe-Fe 0.0012 3.1(11) 2.70(2)
S4 3.8 – 12.6
Fe-Si 0.005(1) 7.7(9) 2.36(1)
Fe-Fe 0.0012 3.7(6) 2.69(2)
S6 3.8 – 12.6
Fe-Si 0.007(2) 8.5(13) 2.35(2)
Fe-Fe 0.0012 2.7(8) 2.67(3)
α-phase -
Fe-Si 8 2.36
Fe-Fe 4 2.70
β-phase -
Fe-Si 8 2.34
Fe-Fe 2 2.97
s-phase -
Fe-Si 8 2.34
Fe-Fe 6 2.7
γ-phase -
Fe-Si 8 2.34
Fe-Fe 12 3.84
Tab. II. Debye-Waller factor (σ2), coordination numbers and
interatomic distances (d) obtained from modeling of the ex-
perimental EXAFS spectra and theoretical values for the ex-
pected FeSi2 phases. The σ2 values for Si are derived from the
EXAFS, whereas the values for Fe are obtained from the NIS
experiment. The k-range corresponds to the modeled range
of the experimental EXAFS data. The values for α- and β-
phase are obtained from ICSD 5257 and 9119, respectively,
for s- and γ-phase no literature is available.
the islands. An overview of the measured XANES spectra
and the Fourier transform of the EXAFS spectra shown
in Fig 5 are included in the supplementary material [81].
B. Lattice dynamics
Fig. 6 depicts the ab initio calculated polarization-
resolved phonon dispersion relations with contributions
from (a) the Fe atom and (b) one of the Si atoms in
the unit cell of bulk α-FeSi2. The Fe-partial dispersi-
on relations show an intense z -polarized band at low
energies, which is flat between the high-symmetry points
X and M at 20meV. The faint mode visible at ener-
gies above 60meV is coupled to the intense z -polarized
high-energy mode of the Si atom. Vice versa, the low-
energy modes of the Si atom couple to the intense
Fe modes. In Fig. 7 (a) the total and element-specific
PDOS, (b) polarization-projected Fe-partial PDOS, and
(c) polarization-projected Si-partial PDOS of α-FeSi2 are
shown. Fexy (Sixy) denotes the xy-polarized PDOS and
Fez (Siz) the z -polarized PDOS for Fe (Si) atoms. The to-
tal α-FeSi2 PDOS is characterized by pronounced peaks
at 20meV, mainly originating from vibrations of the Fe
atoms, and 63meV, mainly originating from vibrations
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Fig. 6. Ab initio calculated element-specific and polarization-
resolved phonon dispersions of (a) the Fe atom and (b) one
of the Si atoms in the unit cell of bulk α-FeSi2. Red, green
and blue lines correspond to x, y and z components of the
polarization vector, respectively, while the thickness of the
lines corresponds to the relative intensity of the given branch.
The positions of the high-symmetry points of the Brillouin
zone are: Γ(0, 0, 0), X(0.5, 0, 0), M(0.5, 0.5, 0), Z(0, 0, 0.5),
R(0.5, 0, 0.5), A(0.5, 0.5 0.5).
of the Si atoms. In the intermediate range between 23
and 50meV the silicon contribution is dominant. The Fe-
partial, polarization-projected PDOS reveals a distinct
decoupling of the vibrations with xy- and z -polarization.
The z -polarized phonon modes observed in the dispersi-
on relations constitute the peak at 20meV together with
a minor plateau around 40meV. The xy-polarized atomic
vibrations exhibit a broader spectrum, which dominates
the Fe-partial PDOS at higher energies, i.e. between 25
and 50 meV with peaks at 33 and 45meV. This is in
agreement with previous polarization-resolved ab initio
and experimental lattice dynamics studies of the tetra-
gonal FePt system, which showed that the z -polarized
vibrations of the Fe atoms (i.e. along the direction of the
unit cell with higher interatomic distances) are charac-
terized by lower energies compared to the xy-polarized
modes [83, 84]. A minor peak occurs in the PDOS at
24meV in both polarizations. For the Si atoms on the
other hand, the restoring force acting along [001] (z )
is higher compared to [100]/[010] (x/y) due to the ar-
rangement of the Fe atoms. Therefore, in the Si-partial,
polarization-projected PDOS [Fig. 7 (c)] the z -polarized
vibrations constitute the high-energy peak at 63meV
with a small contribution to the spectrum between 10
and 50meV. The PDOS below 50meV mainly consists of
xy-polarized vibrational modes.
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Fig. 7. (a) Ab initio calculated Fe-partial, Si-partial and total
PDOS of bulk α-FeSi2. (b) Fe-partial PDOS in xy- and z -
polarizations and their sum. (c) Si-partial PDOS in xy- and
z -polarizations and their sum.
Fig. 8 shows the Fe-partial [85] PDOS of S1-S6 measu-
red along the orthogonal directions Si〈112¯〉 and Si〈1¯10〉
of the Si(111) surface. For S3 only the spectrum along
Si〈1¯10〉 was obtained. For all investigated samples, the
PDOS measured along the two directions are almost iden-
tical and no vibrational anisotropy is observed. The peak
positions are in good agreement with the ab initio cal-
culated Fe-partial PDOS [Fig. 7 (b)]. The main peak of
the z -polarized vibrations occurs at the predicted positi-
on of 20meV, whereas for the xy-polarized vibrations a
small shift of about 1 - 2meV to lower energies compared
to the predicted positions of 33 and 45meV is present.
For S1 and S2, which were measured with higher energy
resolution, the minor peak at 24meV is visible, whereas
in case of S3-S6 a shoulder is observed at a similar po-
sition. A trace of the peak at 63meV is also present in
all spectra. Fig. 8 also reveals a clear effect of the size of
the nanoislands on the shape of the PDOS. The peak of
the z -polarized vibrations at 20meV is diminishing with
deceasing island size, whereas only in S6 the peaks at 33
and 45meV, which originate from the xy-polarized vibra-
tions, are significantly affected. Furthermore, the number
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Fig. 8. Fe-partial PDOS of the indicated samples measu-
red along Si〈1¯10〉 and Si〈112¯〉. The experimental data obtai-
ned along Si〈1¯10〉 is compared with the respective result for
gth, which is decomposed into its weighted xy (Axy gxy) and
z (Az gz) contributions. The values of Q (S1 - S3), Qxy and
Qz (S4 - S6) obtained from the least squares fit are also given.
of phonon states below 10meV is enhanced by a factor
of 1.8 in S6 compared to S1 (for details see [81]).
In order to obtain a quantitative understanding of the
observed size effect, the experimental PDOS was compa-
red with the ab initio calculated polarization-projected
Fe-partial PDOS of α-FeSi2 considering the crystallogra-
phic orientation of the α-FeSi2 unit cell on the Si(111)
surface. According to our RHEED study, three different
domain orientations of the α-FeSi2 coexist on the Si(111)
surface. Therefore, the spectrum obtained e.g. with the
X-ray wave vector parallel to the Si〈1¯10〉 azimuth is com-
posed of three spectra measured along different directi-
ons of the α-FeSi2 crystal, namely [1¯10], [2¯01] and [02¯1],
which are a specific combination of x -, y- and z -polarized
phonons [54, 55]. To obtain the relative contributions
of the xy- and z -polarized phonons to the experimen-
tal PDOS, the x, y and z vectors of the α-FeSi2 unit
cell have to be projected onto the crystallographic di-
rections mentioned above. This results in relative (x,y,z )
contributions of (0.3428, 0.3428, 0.3144) along Si〈1¯10〉
and (0.3432, 0.3432, 0.3136) along Si〈112¯〉, provided that
each of the three possible domain orientations has a 1/3
contribution (for details see [81]). These differences are
well below 1% and cannot be resolved in our experiment.
To quantify the strength of the phonon damping, the
experimental PDOS obtained along Si〈1¯10〉 were modeled
by the function gth(E,Qxy, Qz) defined as:
gth(E,Qxy, Qz) = Axy gxy(E,Qxy) +Az gz(E,Qz) (1)
with gxy and gz being the ab initio calculated xy- and z -
polarized Fe-partial PDOS, respectively, convoluted with
the damped harmonic oscillator (DHO) function [86] and
Axy and Az being their weighted contributions to the ex-
perimental PDOS. The DHO function is characterized by
a quality factor Q and introduces an energy-dependent
broadening of the spectral features with Q being inver-
sely proportional to the strength of the damping. The
damping of features in the PDOS is characteristic for na-
noscale materials and originates from phonon scattering
at atoms located at irregular sites, i.e. defects and dislo-
cations at interfaces and surfaces, as well as within the
nanostructure [87]. The DHO function has successfully
been used to model and to quantify these effects in nano-
structures (see [38, 41, 87]). Taking into account the ten-
sile epitaxial strain induced by the Si substrate, gxy and
gz were calculated assuming a α-FeSi2 unit cell with 1%
increased lattice parameters in the xy-plane (a=2.72Å,
c=5.14Å).
Prior to modeling, gxy and gz were determined consi-
dering the experimental instrumental function of the re-
spective beamline to ensure a valid comparison between
the spectra obtained with different energy resolutions
[88]. Subsequently, the respective experimental PDOS
measured along Si〈1¯10〉 was fitted with gth (Eq. (1))
using the least-squares method. The contributions of the
xy- and z -polarized phonons were fixed to Axy = 0.69,
Az = 0.31, following the discussion of the (x,y,z ) com-
ponents in the previous paragraph. The data was fitted
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Fig. 9. Quality factors Q (S1 - S3), Qxy and Qz (S4 - S6) as
a function of the nanoisland height. The error of the height
values corresponds to one standard deviation of the height
distribution displayed in Fig. 4.
with two different approaches. In the first approach, we
assumedQxy =Qz, i.e. the same damping for both contri-
butions. In the second approach, Qxy and Qz were inde-
pendent parameters. For S1, S2 and S3 both approaches
led to very similar results, whereas for S4, S5 and S6
the approach considering a polarization-dependent dam-
ping significantly improved the agreement between ex-
periment and theory. Fig. 8 shows the results using one
common Q for S1, S2 and S3, whereas for S4, S5 and S6
the results of the fits with Qxy and Qz being independent
parameters are displayed. In Fig. 9 the Q values for the
respective samples are plotted as a function of the avera-
ge island height. For S6 the average of the height of the
islands and the film and for S3 the weighted average of
3D islands and flat structures is used. The width of the
islands is not considered, since the width/height ratio is
between 3 and 4 for S1 - S3 and between 10 and 13 for
S4 - S6. For this reason, confinement effects are expected
to arise primarily due to the reduction of the height of
the nanoislands.
The sharper features of the PDOS of S2 result in a
significantly higher Q value compared to S1, despite the
fact that both samples exhibit similar average sizes and
size distributions of the islands (Fig. 4). The low surface-
to-volume ratio in the large islands of S1 and S2 implies
that ca. 90% of the Fe atoms exhibit a bulk-like coordina-
tion. Thus, an impact of the capping layer present in S1
or the free surface present in S2 is not expected. The ob-
served differences are possibly a result of the post-growth
annealing of S1. It could reduce the substrate/FeSi2 in-
terface sharpness and therefore increase the number of
atoms located at irregular sites. For S3, which is grown
at the same TG with lower θFe, a clear reduction of the
Q value compared to S2 is observed. The stronger dam-
ping is expected to arise from atoms in the flat structures
which coexist with the 3D islands. When the height dis-
tribution is narrowed and the average height is reduced
below 5 nm in S4, a polarization dependence of the pho-
non damping is observed. While Qxy coincides with the
Q value obtained for S3, Qz is significantly reduced. De-
spite the reduction of the average island height and width
in S5 compared to S4, the Qxy and Qz values are very si-
milar in both samples. This could be a consequence from
the higher TG in case of S5, which leads to a higher de-
gree of crystalline order and therefore to a reduction of
the concentration of defects inside the nanoislands, which
compensates the size effect [31]. Another reason for the si-
milar quality factors could be the fact that S4 is measured
in situ whereas S5 was capped with Si. Due to the high
surface-to-volume ratio of the nanoislands in S4 and S5
compared to S1 and S2, the influence of the capping layer
on the PDOS of S5 is no longer negligible. The capping
layer could partially suppress the soft phonon modes ori-
ginating from the broken translational symmetry of the
surface and therefore compensate the phonon-damping
effect induced by the reduction of structure height. For
S6, the sample grown at the same TG as S4 but with
lower Fe coverage, resulting in the smallest islands, Qz
is again reduced compared to S4 and S5. Also Qxy is si-
gnificantly reduced compared to the quality factors of all
other samples.
Metal-silicide heterostructures grown by reactive depo-
sition or solid phase epitaxy exhibit an intrinsic degree
of disorder at the Si/silicide interface [15]. Moreover, the
atoms at the surface of the islands experience a broken
periodicity due to the low coordination in case of the
in situ measured samples or the transition to the amor-
phous Si layer in case of the capped samples. Therefore,
at both interfaces the lifetime of the phonons is reduced
and the width of the respective PDOS features is incre-
ased. For nanoislands grown at the same temperature
with different θFe it can be assumed that the surface-to-
volume ratio is higher for smaller θFe (e.g. in S4 and S6).
Consequently, the relative fraction of atoms at the sur-
face/interface is increased, leading to significantly smaller
quality factors.
Furthermore, we observe an onset of polarization-
dependent damping of the PDOS features in the height
range from 10 - 5 nm. This can also directly be seen in
the experimental spectra as the shape of the PDOS fea-
tures of the xy-polarized phonons at 33 and 45meV does
not significantly change from S1 to S5 whereas the peak
at 20meV exhibits a clear dependence on the nanois-
lands height. One possible explanation for the stronger
damping of the z -polarized phonons is that they mostly
consist of transverse, low-energy vibrations. Therefore, a
coupling to the soft modes present at surfaces [32] and
interfaces [38] is more likely than it is for the xy-polarized
vibrations, which exhibit higher energies. Thus, phonons
polarized along z -direction are more sensitive to the ef-
fects induced by nanoscaling of the α-FeSi2 crystal.
To examine the validity of our results, which are based
on the assumption that the Axy and Az values can be
determined by the epitaxial relations, the experimental
data was additionally modeled with Axy and Az being
free parameters in the mean square optimization. In this
case the values of Q for S1, S2 and S3 as well as the
Qxy and Qz values for S4, S5 and S6 coincided within
the uncertainty and the Axy values are on average only
10
F (N/m) 〈x2〉 (Å2) SV (kB/atom) CV (kB/atom) α (10−5meV −3) vS (m/s)
th
eo
ry
xy 271 0.0094 2.52 2.57 5220
z 146 0.0141 3.45 2.76 5430
sum 〈112¯〉 proj. 232 0.0109 2.81 2.63
sum 〈1¯10〉 proj. 232 0.0109 2.81 2.63
ex
pe
ri
m
en
t
S1 〈112¯〉 230(5) 0.0110(2) 2.84(2) 2.63(2) 2.81(1) 4903(10)
S1 〈1¯10〉 233(5) 0.0108(2) 2.83(2) 2.63(2) 2.77(1) 4923(10)
S2 〈112¯〉 223(5) 0.0114(2) 2.92(2) 2.65(2) 2.89(1) 4855(12)
S2 〈1¯10〉 217(5) 0.0117(2) 2.95(2) 2.66(2) 2.90(2) 4848(9)
S3 〈1¯10〉 233(5) 0.0115(2) 2.85(2) 2.63(2) 3.93(2) 4383(8)
S4 〈112¯〉 214(5) 0.0123(2) 2.96(2) 2.66(2) 4.02(2) 4349(7)
S4 〈1¯10〉 227(5) 0.0119(2) 2.90(2) 2.64(2) 3.87(2) 4404(7)
S5 〈112¯〉 234(5) 0.0119(2) 2.87(2) 2.63(2) 4.27(3) 4262(10)
S5 〈1¯10〉 232(5) 0.0116(2) 2.85(2) 2.63(2) 3.90(4) 4394(11)
S6 〈112¯〉 238(5) 0.0122(2) 2.84(2) 2.62(2) 4.90(2) 4072(6)
S6 〈1¯10〉 236(5) 0.0122(2) 2.85(2) 2.63(2) 4.94(1) 4061(5)
Tab. III. Fe-partial mean force constant F , mean square displacement 〈x2〉, vibrational entropy SV and heat capacity CV
calculated from the ab initio xy- and z -polarized PDOS for α-phase FeSi2, from their weighted sum projected along 〈112¯〉 and
〈1¯10〉, as well as from the experimental PDOS. The coefficient α derived from the low-energy part of the PDOS (g(E) = αE2)
and the sound velocity vS are also given.
slightly increased by 4% compared to the theoretically
predicted value of Axy=0.69.
C. Thermodynamic and elastic properties
The thermodynamic and elastic properties derived
from the Fe-partial xy- and z -polarized ab initio calcula-
ted PDOS [Fig. 7 (b)] and their weighted sum projected
along Si〈112¯〉 and Si〈1¯10〉, as well as the values calcu-
lated from the experimental PDOS of S1-S6 (Fig. 8) are
presented in Table III. The coefficient α of the Debye
model (g(E) = αE2) and the sound velocity vS are also
given. In accordance with the vibrational anisotropy evi-
denced in Fig. 7(b), the xy- and z -projected values of the
thermoelastic properties calculated from Foretical PDOS
differ significantly. As a consequence of the higher inte-
ratomic distances of the Fe atoms along z -direction in
the tetragonal α-FeSi2 unit cell, the force constant F is
reduced by 46% compared to the xy-direction. This re-
sults in a mean square displacement along z -direction
increased by 50% compared to the value obtained along
xy-direction. Furthermore, the vibrational entropy SV is
higher by 37% and the heat capacity CV by 7% along z -
direction, compared to xy-direction. A projection of the
PDOS along Si〈112¯〉 and Si〈1¯10〉 leads to a slightly lower
contribution of the z -polarized vibrational modes since
the relative z -contribution is reduced from Abulkz =0.33
to Az =0.31. A comparison of the experimental and the
ab initio calculated values projected along the respecti-
ve directions does not show a systematic development of
the mean force constant. With a decrease of 8% S4 〈1¯10〉
exhibits the biggest deviation. While S1 shows very good
agreement with the theoretical values for the mean squa-
re displacement, the reduction of island height leads to an
enhancement of 12% in S6 compared to S1. For SV the
experimental values are on average increased by 2.4%,
while for CV the average increase is below 0.3%.
The low-energy part of the PDOS can be described by
the Debye model (g(E) = αE2). The coefficient α is de-
rived from the low-energy region of the experimental data
and shows a clear trend towards higher values for decre-
asing island size from S1 to S6. The value for S6 〈1¯10〉
is enhanced by a factor of 1.8 compared to S1 〈1¯10〉. In
the 2D structures the number of low-energy states is in-
creased due to lower coordination [32], interface-specific
phonon states [38], or epitaxial strain induced by lattice
mismatch [41]. A deviation of g(E) from the quadratic
energy dependence is not observed in our experiment,
as it is reported for iron nanoclusters with diameters of
about 10 nm [28]. In [28] it is attributed to the low coor-
dination of atoms located at the surface. Very likely the
reason for this different behavior is the fact that the na-
nostructures grown by RDE are strongly coupled to the
substrate.
The theoretical values for the sound velocity vS were
calculated from the slope of the acoustic branches of the
phonon dispersions, while the experimental values were
determined using the coefficient α [90]. In the islands of
S1 and S2 the vS values are on average 8% below the
theoretically predicted numbers. The differences can be
explained by the fact that the calculations are performed
for a perfect crystal, whereas in the nanoislands of S1
and S2 the propagation of sound waves is decelerated
by scattering on interfaces. Due to the higher surface-to-
volume ratio in the smaller nanoislands, vS is reduced by
11
18% in S6 compared to S1. The theoretical results for vS
obtained here are smaller from those reported in [91].
IV. CONCLUSIONS
FeSi2 nanoislands of the surface-stabilized α-phase we-
re grown on Si(111) via reactive deposition epitaxy. The
previously reported epitaxial relationship between the
substrate and the α-FeSi2 was confirmed by RHEED.
An EXAFS study proved the formation of α-FeSi2 and
excluded other known surface-stabilized phases. The sur-
face morphology was investigated via AFM. The average
height of the islands was in the range from 1.5 to 20 nm
and the average width from 18 to 72 nm. Two growth
regimes were observed: at TG = 700 ◦C mostly 3D nano-
structures with width/height ratios between 3 and 4 are
formed, whereas lower growth temperatures led to the
formation of 2D nanostructures with width/height-ratios
between 10 and 13.
The lattice dynamics of α-FeSi2 was determined expe-
rimentally with nuclear inelastic scattering performed at
room temperature and first-principles calculations of the
polarization-projected, element-specific phonon dispersi-
ons and phonon density of states. The measurement of
the Fe-partial PDOS along two orthogonal directions on
the Si(111) surface, namely Si〈1¯10〉 and Si〈112¯〉, revea-
led: (i) a vibrational isotropy, despite of the strong ani-
sotropy of the unit cell of the tetragonal α-FeSi2; (ii) a
pronounced size- and phonon polarization-dependent be-
havior. The first observation is explained by the three dif-
ferent domain orientations of the α-FeSi2 on the Si(111)
surface. The PDOS resulting from these domain orien-
tations projected along Si〈1¯10〉 and Si〈112¯〉 are almost
identical and therefore vibrational isotropy is observed.
Modeling of the experimental data with the ab initio cal-
culations shows that the reduction of the height of the
nanoislands results in a damping of all phonon peaks,
being particularly strong for the low-energy z -polarized
phonons for average islands heights below 10 nm. This
effect is explained by the lower energy of the z -polarized
phonons, compared to the xy-polarized vibrations, which
results in a more efficient coupling to the low-energy sur-
face/interface vibrational modes.
The vibrational anisotropy of α-FeSi2 revealed by the
ab initio calculations is reflected in the thermodynamic
properties. The theoretical value of the mean force con-
stant along z -direction is reduced by 46% compared to
the xy-plane, while the mean square displacement, vi-
brational entropy and lattice heat capacity are increased
by 50%, 37% and 7%, respectively. The reduction of the
height of the nanoislands leads to an increase of the mean
square displacements by 12% and a decrease of the sound
velocity by 18% in the smallest islands.
The reported results demonstrate that atomic vibra-
tions along the crystallographic directions characterized
with lower mean force constant, which exhibit in general
lower energies, couple more efficiently to low-energy
surface/interface vibrational modes. The observed pho-
non polarization-dependent damping in nanostructures
should be generally valid for single-crystalline materials
with non-cubic unit cells.
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